As François Jacob pointed out over 30 years ago, evolution is a tinkering process, and, as such, relies on the genetic diversity produced by mutation subsequently shaped by Darwinian selection. However, there is one implicit assumption that is made when studying this tinkering process; it is typically assumed that all amino acid residues are equally likely to mutate or to result from a mutation. Here, by reconstructing ancestral sequences and computing mutational probabilities for all the amino acid residues, we refute this assumption and show extensive inequalities between different residues in terms of their mutational activity. Moreover, we highlight the importance of the genetic code and physico-chemical properties of the amino acid residues as likely causes of these inequalities and uncover serine as a mutational hot spot. Finally, we explore the consequences that these different mutational properties have on phosphorylation site evolution, showing that a higher degree of evolvability exists for phosphorylated threonine and, to a lesser extent, serine in comparison with tyrosine residues. As exemplified by the suppression of serine's mutational activity in phosphorylation sites, our results suggest that the cell can fine-tune the mutational activities of amino acid residues when they reside in functional protein regions.
INTRODUCTION
Cells are constantly evolving in a race for adaptation to dynamic environmental challenges. As described by François Jacob over three decades ago [1] , this process is more analogous to tinkering than to free design, in the sense that nature does not create a new protein function from a blank canvas nor with unlimited resources, but instead evolves through innovation with existing proteins (figure 1a,b). In line with this principle of functionalization by tinkering, most general models of protein evolution (e.g. duplication-divergence [2] , neofunctionalization or subfunctionalization [3] ) are based on gene duplication being the main source of new genes, proteins and consequently new cellular function.
In this study, we aim to extend the principle of tinkering in evolution, initially developed by Jacob [1] , to include the effect the genetic code has on protein evolution. Our hypothesis is that evolution is not only constrained because it needs to tinker with existing proteins; it is also affected by the genetic code in the sense that genetic variation is not generated by substituting amino acid residues from the evolving protein at random, but instead the genetic code dictates that some amino acid substitutions will be more frequent than others (figure 1c).
THE INFLUENCE OF THE GENETIC CODE ON MUTATIONAL PATHS
In essence, substitutions between amino acid residues that are far away from each other in mutational space are less likely than between residues that are close to each other (figure 2). For instance, if we had to compute the probability of every amino acid residue to be the target of a mutation from methionine, we would have to consider the mutational distance and the physico-chemical similarity between the two residues. Isoleucine, leucine, phenylalanine, valine, threonine, lysine and arginine are, in terms of mutational distance, the closest residues to methionine, because they are all just one nucleotide mutation away from it (figure 2a). Alanine, valine, isoleucine and leucine are the closest residues in physico-chemical distance, because they are small hydrophobic residues similar to methionine (figure 2b). Combining these two distances (mutational and physico-chemical) that determine the genetic diversity generated and selection of protein variants, one can rationalize the amino acid substitution frequencies observed along evolution ( figure 2c ).
Next, we tested the validity and generality of this influence the genetic code has on mutational paths. In principle, one would expect the effect of the genetic code to decrease with time, because longer evolutionary distances would allow several mutations in the same amino acid residues to become more likely (figure 3a). As briefly suggested earlier (figure 2c), regardless of what amino acid substitution is more probable, purifying selection will act subsequently to disfavour substitutions that would lead to radical changes in the physico-chemical properties of the protein residue. Thus, unlike the effect of the genetic code, we expect the effect of the physico-chemical properties of the different amino acids to remain constant over time. To test the influence of the genetic code and physico-chemical properties on protein evolution, we reconstructed ancestral sequences at different evolutionary distances between humans and other vertebrates (figure 3b and see §7 for further details). Supporting our hypothesis, we indeed observed different targets of mutation at different evolutionary distances (figure 3c), with mutational targets closer in mutational space for shorter evolutionary distances (L1: human-orangutan) and less influenced by mutational distance for longer evolutionary distances (L7: human-frog).
MUTATIONAL PROPERTIES OF AMINO ACID RESIDUES
By expanding our analysis, we computed matrices to reflect the probability of every amino acid residue to mutate and become every other amino acid residue at different evolutionary distances (see the electronic supplementary material, table S1). To better describe the different mutational properties of amino acid residues represented in these matrices, we introduce two new terms, mutability and targetability. We define mutability as the probability of an amino acid residue to mutate, and targetability as the probability of an amino acid to be the result of a mutation. By extension, we have termed our matrices (which effectively contain mutability for each residue on their rows, targetability on their columns and conservation on their diagonal) mutability targetability (MUTA) matrices. The rationale behind developing our MUTA matrices is similar to the rationale behind matrices such as point accepted mutation (PAM) [4] or blocks of amino acid substitution matrix (BLOSUM) [5] but they differ fundamentally in their goal and, in consequence, also in the information they contain (figure 4). While matrices such as PAM or BLOSUM, default matrices used by popular tools such as BLAST (Basic Local Alignment Search Tool) [6] , reflect the tendency of some amino acid residues to appear in a multiple sequence alignment of homologue proteins, MUTA matrices describe the probability of the different amino acid residues to mutate (mutability) and be targets of mutation (targetability). Given that MUTA matrices are derived not from conserved blocks but instead from a large range of sequences with different degrees of evolvability, they are likely to be more useful than previous matrices for evolutionary analysis (e.g. the characterization of phosphorylation sites or other protein sequences that do not necessarily reside in conserved protein regions).
To better visualize every amino acid residue's mutational properties, one can represent each amino acid residue as a data point on an x -y scatter plot, i.e. mutability -targetability plot (figure 5a,b). Following this strategy, we show mutability and targetability for every amino acid residue at different evolutionary distance (figure 5c); it is apparent that, contrary to common assumption, different amino acid residues have different mutational properties (i.e. mutability and targetability). Moreover, it is evident that there is a correlation between mutability and targetability whereby amino acids that tend to mutate more are
same probabilities different probabilities Figure 1 . Creative methodologies and evolution. As an analogy to protein evolution in the hunt for new protein function, we have illustrated different strategies to design a radio. (a) As Jacob described several years ago, nature does not evolve by creating de novo protein function from a blank canvas resembling a free designer who can build a radio using some predefined instructions and any imaginable radio parts. (b) Instead, nature is more of an innovator who tinkers with existing proteins before finding new protein function by a process of mutation and selection. Following with our analogy, the tinkerer does not generate a radio from scratch, but it tinkers with existing devices by combining and substituting pieces, and the best design is selected for. (c) In this study, we extend this concept by highlighting the fact that the sources and targets of mutations cannot be chosen arbitrarily, but instead some amino acid substitutions will be more likely than others (different probabilities). Unlike in (b), where different substitution probabilities are not considered, tinkering with the loudspeaker in the radio is more likely to lead to some radio parts than others.
also more likely targets of mutations. This correlation indicates that the dynamic system of amino acid residue substitutions and frequencies lies in equilibrium in a stable steady state, where all the residues balance out residue loss and gain after mutation, which results in only small frequency fluctuations over time.
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Combining mutational and physico-chemical space allows rationalization of why some mutational paths (amino acid substitutions) are more frequent than others. Here, we have highlighted in orange the most preferred mutational paths owing to short mutational distance (first arrow) and short physico-chemical distance (second arrow). Residue conservation has been illustrated as a loop, and it should be considered as another possible mutational path with very short mutational and physico-chemical distance.
In contrast, large discrepancies between mutability and targetability would lead to large fluctuations in frequency and, with time, to extinction or perpetuation (figure 5b). This correlation between mutability and targetability is therefore the only path to prevent amino acid residue extinction or perpetuation. It is also apparent from our mutability -targetability plots that different residues use different evolutionary paths to hold their frequency stable. In one extreme, serine evolves very fast by mutating very often, while also being a more likely target of mutations, i.e. high mutability and high targetability. At the opposite extreme, tryptophan does not mutate frequently, but at the same time it is not a frequent target of mutations either, i.e. low mutability and targetability (figure 5c). Analogous to how different nucleotide or protein sequences can evolve at different speed, here we have uncovered that even individual amino acid residues can be fast-or slow-evolving (e.g. serine and tryptophan, respectively). Next, we will investigate the causes and consequences of the mutational properties of the different residues.
POSSIBLE CAUSES FOR DIFFERENT MUTATIONAL PROPERTIES OF AMINO ACID RESIDUES
The fact that serine is the fastest-evolving amino acid residue can perhaps give us some insights into why different amino acid residues would present different mutational properties. First, considering mutational space (figure 2a), it is apparent that serine is a unique residue in that it is the only amino acid whose six codons are distributed in two different groups, AGY and TCN, that are so far apart from each other (at least two nucleotide mutations away). As a consequence, serine will be more easily reached from another amino acid after mutation, i.e. it is very close in mutational space to most other amino acid residues (in most cases, only one nucleotide mutation away). In addition, from the perspective of physico-chemical distance (figure 2b), serine's moderate physico-chemical properties, without a bulky or charged side chain, make it less likely that the amino acid substitution will be rejected by selection (figure 2c), because it is close in physico-chemical space to most other amino acid residues. The relative contribution of the genetic code (by disfavouring amino acid residue substitutions that require several nucleotide mutations) and the physico-chemical properties (by disfavouring amino acid residue substitutions between dissimilar residues) to mutation will vary over evolutionary time. The restrictions imposed by the genetic code will have higher influence when comparing short-evolutionary distances, whereas the physicochemical properties of amino acid residues will have a constant influence, because selection against radical changes in physico-chemical space will always be applied before a mutation becomes fixed. (b) Graphical representation of the phylogenetic tree whose ancestral sequences (L1, L2, L3, L4, L5, L6 and L7) we have reconstructed as described in §7.
(c) Here, we confirm the principle described in (a), by comparing mutational targets of methionine between L1 and human and between L7 and human and showing that in shorter evolutionary distances (L1: red), methionine tends to mutate only to residues that are one nucleotide mutation away, while for longer times (L7: black), more targets are possible.
In comparison with serine, the other two amino acid residues coded by six codons (leucine and arginine) do not combine such mutational and physico-chemical proximity with other amino acid residues and, in consequence, are not as fast-evolving as serine. Despite the fact that leucine's physico-chemical properties are
MUTA L7 ignoring conservation Any mutable system, such as the one represented in (a), can be represented in a mutabilitytargetability plot, an x -y scatter plot where each element (e.g. A -C) is located in a precise coordinate depending on their mutational properties, i.e. how often it mutates (mutability) and how often it is the result of a mutation from another residue (targetability). Depending on their location, we can consider the mutable elements fast or slow evolving (high mutability and high targetability or low mutability and low targetability, respectively) or likely to increase or decrease in frequency (low mutability and high targetability or high mutability and low targetability, respectively). (c) Mutability -targetability plots computed for all the amino acid residues at different evolutionary distance (L2, L5 and L7). In order to avoid frequency-related biases, we normalized all mutation frequencies before computing mutabilities and targetabilities for each amino acid (for more information refer to §7).
(like in the case of serine) relatively moderate from a mutational perspective (figure 2a), unlike serine's, the two groups of codons that code for leucine, CTN and TTR, are relatively close to each another. As a direct consequence of this close mutational distance between the two groups of codons, the two extra codons that leucine is coded by (TTR) only provide leucine with direct mutational access to six extra codons, compared with eight extra codons that can be directly accessed from serine's two extra codons (AGY). In addition, half of the new codons that can be accessed from leucine's two extra codons are stop codons (TAA, TAG and TGA). Therefore, it can be concluded that, given their mutational proximity to themselves and to stop codons, the six leucine codons cannot contribute to making leucine a more mutable and targetable residue. On the other hand, arginine which is coded, similar to leucine, by two groups of codons that are relatively close to each other in mutational space (CGN and AGR), would have the potential to have higher mutability and targetability but is probably affected by its extreme physico-chemical properties (charged and large residue), preventing many amino acid substitutions due to natural selection acting against them.
Overall, no other amino acid residue is encoded by as many codons so far apart from each other in mutational space which, combined with its weaker physico-chemical properties, make serine a fast-evolving, mutational hub.
In conclusion, despite the fact that other causes such as bioenergetic costs or tendency to reside in fastevolving protein regions are also plausible explanations for the mutational properties of the differences residues, we argue that these differences are founded on the mutational and physico-chemical distance from each amino acid residue to every other one of them.
IMPLICATIONS FOR PHOSPHORYLATION SITE EVOLUTION
Having described the general mutational properties of the different amino acid residues, we wanted to investigate to what extent cells can modulate these general properties for specific residues. Given the large mutational differences between serine (the fastest-evolving amino acid residue), threonine (a relatively highevolving residue) and tyrosine (a rather slow-evolving residue), we investigated the consequences that different mutability and targetability may have for protein phosphorylation and evolution of phosphorylation sites.
If these general mutational properties were maintained in phosphorylation sites, one would expect to see fast removal of non-functional phosphorylation sites and fast introduction of a high number of new phosphorylation sites for fast-evolving residues (with high mutability and targetability) like serine or threonine. On the contrary, one would expect to see higher conservation for slow-evolving residues such as tyrosine. We have illustrated these different scenarios for serine, threonine and tyrosine (figure 6a).
To test this hypothesis, we computed the sequence conservation of human phosphorylated serines, threonines and tyrosines, and used the sequence conservation of these residues regardless of phosphorylated state as baseline for comparison (figure 6b). In addition, to discard the possibility that our results are driven by difference in the likelihood of residues to reside on disordered regions of proteins, we included disorder predictions in our results. In general, our results show the expected trend with phosphorylated residues being more conserved than non-phosphorylated residues, highlighting the likelihood that these are functional sites [7] . Moreover, in line with the general trend for the three residues observed earlier (figure 5c), phosphorylated serines and threonines are also much more conserved than phosphorylated tyrosines. Nevertheless, our results (figure 6b) also highlight some important subtleties that differ from our previous observations that serine is the most mutationally active residue (figure 5c); for instance, we observed a higher degree of conservation for phosphorylated serines than for phosphorylated threonines. Since the overall trend is maintained when taking into account disorder predictions, we can conclude that these observations are not driven by different disorder propensity of the different amino acid residues.
Moreover, we computed the fraction of amino acid residues that were excluded from our analysis because they reside in alignment gaps (see the electronic supplementary material, figure S1), which allowed us to refute the possibility that our observations could be explained by major differences in the propensity of different residues to reside in alignment gaps. In theory, a higher gap propensity of tyrosine (and to a lesser extend threonine) with respect to serine could be a trivial explanation for the different degrees of conservation we observe, because we would have excluded them from our analysis, but the gap propensities we computed do not support this hypothesis.
These results suggest that the cell is indeed capable of modulating the general mutational properties of amino acid residues under special circumstances. Moreover, the higher conservation of phosphorylated serines in comparison with phosphorylated threonines (observation which is in agreement with previous published work [8] ) suggests that serine phosphorylation sites have more ancient functional properties, whereas threonine phosphorylation sites have more recent ones. Finally, it is perhaps surprising that the phosphotyrosine system, the signalling system that has appeared most recently in evolution [9] , also presents the highest conservation. However, this apparent contradiction can be resolved if this system did not evolve gradually, but instead it evolved by a sudden burst (as supported in the literature [9] [10] [11] ) and has subsequently remained more conserved (at least at the sequence level) than the phosphoserine or phosphothreonine systems.
DISCUSSION AND CONCLUSIONS
In this study, we have uncovered natural forces driving different mutability (probability that a given amino acid residue will be mutated) for different amino acid residues as well as different targetability (probability that a given amino acid residue will be the result of a mutation). These inequalities have made apparent different evolutionary paths for different amino acid residues, with some being slow-evolving and relying for their existence on high conservation (low mutability and targetability), such as tryptophan, and others being fast-evolving and relying for their existence on a high number of mutations leading to it (high mutability and targetability), such as the most mutationally active residue, serine.
In addition, we have computed matrices at different evolutionary distances (and therefore with different degrees of contribution from the genetic code), which may be important for assessing mutations for diseases such as cancer, where somatic mutations are accumulated through a fast evolutionary process. In essence, using our MUTA matrices, computed on short evolutionary distances and highly constrained by the genetic code, one should be able to compute the likelihood of different amino acid residue substitutions occurring in diseases associated with alterations to the genome.
Given the influence that both the genetic code and the physico-chemical properties of amino acid residues have on mutability and targetability, it would perhaps be natural to explore whether some causal relationships exist between them. While several hypotheses for the evolution of the genetic code exist [12] , perhaps the most accepted view is that the organization of the genetic code can be explained by a combination of the occupation of codon space by the new amino acid residues as soon as they appeared from their predecessors, and optimization, to some extent, driven by physico-chemical properties of amino acid residues. We therefore argue that the observed mutability and targetability of amino acid residues is, at a higher degree, a consequence rather than a cause of the organization of the genetic code.
Finally, by contrasting the general trends in conservation of the phosphorylatable residues in human (S, T and Y) to the conservation of phosphorylation sites (pS, pT and pY), we have uncovered a higher degree of conservation for phosphorylation sites on serine than expected. This would suggest that the cell can modulate the mutational properties of amino acid residues in special circumstances as, in the case of serine, Figure 6 . Phosphorylation site evolution. (a) As a direct consequence of our previous results, our hypothesis was that phosphorylation at serine, with the highest mutability and targetability rates, would evolve faster than phosphorylation at threonine, which has slightly lower but still relatively high mutability and targetability rates, and much faster than tyrosine, with very low mutability and targetability rates. (b) For each phosphorylatable amino acid residue, we have computed the fraction of phosphorylated residue (in black) that is conserved (same amino acid) in the ancestor L7. For comparison, we have computed conservation fraction for the residue, regardless of phosphorylated state (white) and conditional on whether the residue resides in a disordered (cyan both phosphorylated and unphosphorylated residues and blue only phosphorylated residues) or ordered protein region (orange both phosphorylated and unphosphorylated residues and red phosphorylated). Statistical significance (*p , 0.05) was assessed by Fisher's exact test.
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given their ancient functional importance, it prevents these residues from evolving as fast as they would under normal circumstances. In line with this perception, it has been reported recently that aspartic and glutamic acid tend to become phosphorylatable residues (serine and threonine) during evolution, in a mechanism that has been suggested as a transition from a static to a dynamic regulation of protein folding [13] . Because these two groups of residues are far from each other in mutational space (two mutations away), we can conclude that, similarly as we found for the phosphotyrosine signalling system in our previous work [8, 14] , this observation is likely to be driven by positive selection. It will be important to unravel the plausible mechanisms that have led to different mutability and targetability rates (e.g. amino acid preference to residue in fast-evolving or disordered regions), whether different species with different genetic codes or codon preferences have different residues' mutational properties, and to what extent these properties determine the frequency of every amino acid residue. Moreover, it will also be important to implement tools that can use these metrics to assess the importance of mutations in cell signalling systems associated with cancer progression. We argue this will eventually lead to a better foundation for network-based medicine.
MATERIAL AND METHODS
(a) Alignments and computation of ancestral sequences Sequences of known and inferred proteins of 11 vertebrate species, including Homo sapiens, with at least 6X genome coverage were retrieved from the Ensembl online database (release 55) at http://jul2009.archive. ensembl.org/info/data/ftp/. These 11 metazoan species are H. sapiens (human), Pongo pygmaeus (orangutan), Cavia porcellus (guinea pig), Rattus norvegicus (rat), Mus musculus (mouse), Monodelphis domestica (opossum), Canis familiaris (dog), Bos taurus (cow), Ornithorhynchus anatinus (platypus), Gallus gallus (chicken) and Xenopus tropicalis (frog). The INPARANOID algorithm (v. 2.0) [15] was used to infer orthologous sequences of human proteins across the ten other vertebrate species using the retrieved proteomes. The BLOSUM80 scoring matrix is used with other default parameters in INPARANOID. In all cases, only the longest translation of each known/inferred genes was fed into INPARANOID for orthologue prediction. The sequence of each known human phosphoprotein was then grouped with its inferred orthologous protein sequences for multiple sequence alignment using the MAFFT algorithm (v. 6.240, E-INS-i option with default parameters) [16] . Ancestral sequences were inferred from each multiple sequence alignment using the CODEML program in PAML phylogenetic software suite [17] . The phylogenetic relationship depicted in figure 2b [18] was input to CODEML with CodonFreq ¼ 2 and using WAG substitution matrix [19] .
(b) From coevolution matrices to mutability and targetability rates For each pair of ancestral-human sequences, we computed a 20 Â 20 coevolution matrix describing the evolution tendency of each amino acid, with the ancestral amino acid in the row position and human-aligned residue in the column position. In order to avoid inaccuracies caused by alignment positions with lower quality, we filtered out alignment positions in or next to gaps (see the electronic supplementary material, figure S1 for more information on the fraction of residues excluded). We produced mutability and targetability rates by normalizing the coevolution matrices by row, i.e. effectively balancing out differences in amino acid residue frequencies. The mutability rate for each residue is then measured as the sum of all mutation frequencies, i.e. row sum minus conservation. On the other hand, the targetability rate is measured as the sum of mutation frequencies of all amino acid residues leading to a given amino acid residue, i.e. column sum minus conservation.
(c) Phosphorylation site evolution We have traced the evolution of human phosphorylation sites on serine, threonine and tyrosine by measuring the fraction of each that is conserved versus the fraction that has appeared recently in evolution. More specifically, we compiled a list of human phosphorylation sites obtained from the PhosphoSitePlus [20] and phosphoELM databases [21] and computed what fraction of those are conserved in our inferred ancestral sequences and thus compared how the three signalling systems have evolved. In order to predict disorder propensity for all the proteins analysed, we ran DISOPRED v. 2.0 [22] .
